Background: ESRRA is frequently up-regulated in several cancers. However, the mechanism underlying its up-regulation remains elusive. Results: Down-regulation of tumor suppressor miR-125a causes up-regulation of ESRRA in OSCC. Conclusion: Down-regulation of miR-125a is a novel mechanism for up-regulation of ESRRA in OSCC. Significance: Targeting miR-125a via a synthetic mimic adds novelty to OSCC therapeutics.
The ESRRA (estrogen-related receptor alpha) gene, located on chromosome 11q13, codes for a 423-amino acid-long protein of 46 kDa. ESRRA 2 belongs to the NR3B (nuclear receptor 3B) group of the nuclear receptor superfamily (1) . Similar to other members of this superfamily, it has a DNA binding domain (amino acids 73-168), which is composed of two C4-type zinc fingers, and a ligand binding domain (amino acids 197-420) (www.ncbi.nlm.nih.gov). The cNLS mapper program has predicted a monopartite nuclear localization signal (amino acids 71 LSSLPKRLCLV 81 ) in ESRRA. It exhibits a high similarity (68%) in the DNA binding domain and a moderate similarity (36%) in the ligand binding domain to estrogen receptor ␣ (2). However, unlike estrogen receptors, it is an orphan nuclear receptor and binds to its cognate response element, estrogenrelated receptor ␣ response element (5ЈTCAAGGTCA3Ј) (3) . It also binds to the estrogen receptor ␣ response element (5ЈGGTCANNNTGACC3Ј).
The ESRRA expression is high in tissues with a high energy requirement such as kidney, heart, and skeletal muscles (1) . Furthermore, ESRRA is up-regulated in several cancers, such as tumors of the breast, colorectum, prostate, and ovary (4 -8) , reinforcing its potential role in tumorigenesis. More importantly, an increased level of ESRRA is linked to poor prognosis of breast, ovarian, and prostate tumors (7, 9, 10) . Several reports suggest that the pharmacological modulation of ESRRA activity with specific inverse agonists such as XCT790 reduces proliferation of cell lines derived from breast, glial, lung, and cervical tumors (11) (12) (13) (14) . Using the transwell assay, Zhao et al. (15) have shown that ESRRA promotes cancer cell migration and invasion. Interestingly, the homozygous deletion of ESRRA in a mouse model of ERBB2-induced mammary tumors causes a significant delay in tumor development (16) . Overall, the above observations implicate the importance of ESRRA in tumorigenesis and also suggest that it could be an attractive target for anti-cancer therapy.
ESRRA has been shown to transcriptionally regulate the expression of several genes, such as WNT11 (wingless-related murine mammary tumor virus integration site 11), CCNE1 (cyclin E1), OPN (osteopontin), and OPG (osteoprotegerin), involved in cell cycle, metastasis, and metabolism (17) . The transcriptional activity of ESRRA is influenced by mitogenic signals controlled by ERBB2 (v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2) and EGF receptor (18) . A model proposed by Ariazi et al. (18) suggests that the homodimer of ERBB2 or its heterodimer with EGF receptor signals phosphorylation of ESRRA, at least in part, through MEK/MAPK and PI3K/Akt signaling pathways (18) . The phosphorylation in turn increases the transcriptional activity of ESRRA (18) . It has also been reported that mTORC1 (mTOR complex 1) can regulate the activity of ESRRA through ubiquitin-mediated degradation via transcriptional control of the ubiquitin-proteasome pathway (19) . Furthermore, constitutive activation of mTORC1 signaling in TSC2 (tuberous sclerosis 2) null mouse embryonic fibroblasts results in an increased level of ESRRA (19) .
ESRRA along with its co-activator PGC-1␣ (peroxisome proliferator-activated receptor ␥ co-activator 1-␣) binds to its own promoter and autoregulates its expression (20) . Furthermore, post-translational modifications (e.g. phosphorylation, acetylation, and sumoylation) of ESRRA are known to regulate its activity, such as DNA binding, and interaction with co-activators PGC-1␣ and PGC-1␤ (11) . However, despite its roles in different cellular functions and tumorigenesis, the mechanism underlying its up-regulation in different cancers still remains elusive.
MicroRNAs (miRNAs) are a class of small ϳ22-nucleotidelong endogenous noncoding RNAs that regulate the expression of genes at the post-transcriptional level by interacting with their 3ЈUTRs in a sequence-specific manner (21) , and in turn regulate a wide range of cellular functions. They are known to regulate the expression level of oncogenes and tumor suppressors (22) , and they may also act as oncogenes and tumor suppressor genes. For example, overexpressed miRNAs (e.g. miR-155) function as oncogenes and promote cancer development by negatively regulating tumor suppressor genes or genes that control cell differentiation or apoptosis (23) , whereas downregulated miRNAs (e.g. let-7) function as tumor suppressor genes and may inhibit cancer development by regulating oncogenes or genes that control cell differentiation or apoptosis (24) . The only miRNA known to regulate ESRRA is miR-137 (15) .
Oral squamous cell carcinoma (OSCC) is one of the most frequently occurring cancers all over the world. The scenario of OSCC is much graver in India as it is the leading cancer in males and the third most common cancer in females (25) . According to GLOBOCAN 2008, the incidence of OSCC in India is 69,820 cases annually. However, despite many advances in its treatment, there are still many lacunae in the existing treatment strategies as a result of which the 5-year survival rate of OSCC has remained unchanged during the last few decades (26) . It is thus imperative to identify novel therapeutic targets for OSCC. In recent years, miRNAs have been used as therapeutic targets in several cancers (27) . For example, MRX34, which is a liposome-formulated mimic of the tumor suppressor miR-34, has entered phase I clinical trials for primary liver cancer patients (28) .
Here, we report the identification of a tumor-suppressor microRNA-125a (miR-125a) that targets and regulates the expression of ESRRA in OSCC. Based on our in vitro and in vivo experiments, we suggest that the restoration of miR-125a levels by the use of a synthetic mimic would be a novel therapeutic strategy to treat OSCC and other cancers.
MATERIALS AND METHODS
In Silico Identification of miRNAs Targeting ESRRA-We used a consensus approach by employing a total of five established miRNA target prediction programs (Table 1) to identify Plasmid Constructs-To generate constructs in the pcDNA3-EGFP vector expressing pre-miR sequences of miR-16, miR-107, miR-125a, miR-125b, and miR-137, PCR primers were designed using miRNA-specific DNA sequences retrieved from the UCSC Genome Bioinformatics site. PCR was performed using a standard laboratory procedure and human genomic DNA as a template. Different restriction enzyme sites were incorporated in forward and reverse primers to facilitate directional cloning (supplemental Table S1 ). To generate constructs with the 3ЈUTR of ESRRA at the 3Ј end of the luciferase ORF in the pmiR-REPORT vector (Invitrogen), a 772-bp-long 3ЈUTR of ESRRA was amplified from human genomic DNA and cloned in both sense and antisense orientations using a standard laboratory method. The site-directed mutagenesis was carried out to generate constructs with the 3ЈUTR of ESRRA harboring mutations in the TS1 (target site 1), TS2 (target site 2), or both target sites, according to Sambrook et al. (29) . The pESRRA construct harboring a full-length ESRRA ORF was generated in the pcDNA3.1(ϩ) vector by PCR using gene-specific primers and cDNA template from a normal oral tissue (supplemental Table S1 ). The pESRRA-3ЈUTR-S construct was generated by amplifying and cloning the 3ЈUTR sequence downstream to the ESRRA ORF at XhoI and XbaI sites in the pESRRA construct. The pcDNA3.1(ϩ)-3ЈUTR mutant constructs (viz. pESRRA-3ЈUTR-M1, pESRRA-3ЈUTR-M2, and p-ESRRA-3ЈUTR-M) were generated by site-directed mutagenesis using specific primers (supplemental Table S1 ). All the constructs were sequenced on an ABIprism A310-automated sequencer (Invitrogen) to confirm the directionality and error-free sequence of the inserts.
Cell Culture, Transient Transfection, and Reporter AssaysCells from oral squamous cell carcinoma cell lines, SCC084 and SCC131, were maintained in DMEM supplemented with 10% fetal bovine serum and 1ϫ antibiotic/antimycotic solution (Sigma) in a humidified chamber with 5% CO 2 at 37°C. Both cell lines were a kind gift from Prof. Susanne Gollin, University of Pittsburgh, Pittsburgh, PA. For overexpression studies, 2 ϫ
10
6 cells/well in a 6-well plate were transfected with an appropriate construct or a combination of constructs using Lipofectamine TM 2000 (Invitrogen). Luciferase reporter gene assays were performed after 48 h of transfection using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). Cells were also co-transfected with 20 ng of the pRL-TK control vector (Promega), encoding Renilla luciferase, for normalization of transfection efficiency.
Clinical Material-A total of 20 matched OSCC samples and normal oral tissues (ϳ5 cm from the lesion) were ascertained at the Bangalore Institute of Oncology, Bangalore, India. This research was performed following informed consent from the patients and approval from the ethics committee of the Bangalore Institute of Oncology. Tissue samples were collected in RNAlater TM (Sigma) immediately after surgery or biopsy and frozen in a Ϫ80°C freezer until use. The clinicopathological data for 20 patients are given in Table 2 . Tumors were classified according to tumor, node, and metastasis criteria of Sobin and Fleming (30) .
Total RNA Isolation and cDNA Preparation-Total RNA samples from tissues and transiently transfected cells were isolated using TRI-Reagent TM (Sigma) and a RNeasy mini kit (Qiagen, Hilden, Germany), respectively. Total RNA samples were quantitated using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE). cDNA was synthesized from 1 g of total RNA using the RevertAid TM H Minus first strand cDNA synthesis kit (Fermentas, Burlington, Canada).
5-Aza-2Ј-deoxycytidine Treatment of Cell Lines-Cells were seeded at a density of 2 ϫ 10 6 cells/35-mm dish. After 24 h, freshly prepared 5-aza-2Ј-deoxycytidine dissolved in dimethyl sulfoxide (DMSO) (Sigma) was added in the dish to a final concentration of 5 M. Total RNA was isolated after 3 and 5 days from the beginning of the treatment. DMSO treated cells were used as a control.
Semi-quantitative and qRT-PCR Analyses-The semi-quantitative RT-PCR analysis of miR-125a and miR-137 was carried out by miR-Q, a method developed by Sharbati-Tehrani et al. (31) for the expression analysis of miRNAs. 5 S RNA was used MicroRNA-125a regulates ESRRA as a normalizing control to equalize the amount of cDNA generated from each sample. Following equalization of 5 S RNA, the same amounts of cDNA templates were used for RT-PCR to check the expression of miR-125a and miR-137. PCR products were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining on an UV trans-illuminator (Bangalore Genei, Bangalore, India).
The qRT-PCR analysis was carried out to quantitate the expression of miR-125a, MCPH1, and ESRRA in an ABIprism 7900HT sequence detection system (Applied Biosystems, Foster City, CA), using the Dynamo SYBR Green Mix (Finnzymes, Espoo, Finland). The analysis was performed using the SDS2 software (Applied Biosystems, Foster City, CA). GAPDH or 5 S RNA was used as a normalizing control (23) . The fold change was calculated using the following equation: ⌬Ct gene ϭ Ct gene Ϫ Ct normalizing control , where Ct is the cycle threshold value, and ⌬Ct represents the gene expression normalized to GAPDH or 5 S RNA. The statistical significance of the difference in mRNA expression was assessed by two-tailed unpaired t test using the GraphPad PRISM5 software (GraphPad Software Inc., San Diego). A probability value of p Յ 0.05 was considered to be significant. Details of the RT-PCR primers are available on request from the authors.
Western Hybridization-Whole protein lysates, isolated from cells and tissue samples using the CelLytic TM M Cell Lysis Reagent (Sigma), were resolved on SDS-PAGE and then transferred to PVDF nylon membranes (Pall Corp., Port Washington, NY). The membrane was blocked using 5% fat-free milk powder in 1ϫ PBST, and the signal was visualized using 1:750 dilution of an anti-ESRRA antibody (catalog no. sc-32790, Santa Cruz Biotechnology, Santa Cruz, CA). After incubation of the membrane with a horseradish peroxidase-linked secondary antibody (Bangalore Genei, Bangalore, India), the signal was detected using the Immobilon TM western chemiluminescent HRP substrate (Millipore, Billerica, MA) and x-ray films. The anti-␤-actin antibody (catalog no. A5441, Sigma) was used to ensure equal loading of lysates.
Cell Proliferation Assay-The rate of cell proliferation (absorbance at 450 nm) was quantitated using a CHEMICON BrdU cell proliferation assay kit (Millipore Corp.) as described previously (23) . In brief, after 48 h of transfection of cells in 96-well plates with different constructs, miR-125a mimic (200 nM), miR-125a inhibitor (800 nM), or scrambled oligonucleotides (800 nM) (Dharmacon, Carlsbad, CA), cells were incubated with BrdU for 20 h in a 37°C incubator with 5% CO 2 , fixed for 30 min at room temperature, and then incubated overnight with a BrdU detection antibody. Cells were then washed and incubated in the goat anti-mouse IgG, peroxidase-labeled solution. Following washing, cells were incubated with the substrate, and the plate was read at 450 nm using a Bio-Rad TM microplate reader (Bio-Rad). Effective concentrations of miR-125a mimic (200 nM) and miR-125a inhibitor (800 nM) were determined by Western blotting of protein lysates from cells transfected with different dilutions of miR-125a mimic (viz. 50, 100, and 200 nM) and miR-125a inhibitor (viz. 200, 400, and 800 nM).
Cell Cycle Analysis and Detection of Caspase-3 ActivationFor cell cycle analysis, cells were stained with propidium iodide (PI) (Sigma) and analyzed by a FACSCalibur TM flow cytometer (BD Biosciences), as described previously (23) . The caspase-3 activation was determined using a CaspGLOW TM fluorescein active caspase-3 staining kit (Biovision, Mountain View, CA).
Soft Agar Colony Forming Assay-The soft agar colony forming assay was performed using 2,000 cells for each plate, as described previously (23) . Briefly, cells were transiently transfected with different constructs separately, followed by plating them in 35-mm dishes with 0.35% noble agar (Difco, Mumbai, India). At the end of 10 days, colonies were counted in three random microscopic fields under a ϫ10 objective, and the images were captured using an Olympus CKX41 phase contrast microscope (Olympus Optical Co., Tokyo, Japan).
Cell Invasion Assay-The cell invasion assay was performed using a BioCoat TM Matrigel TM invasion chamber (BD Biosciences). Briefly, 5,000 cells were transiently transfected with different constructs separately as described above. After 48 h of transfection, cells suspended in DMEM containing 2% FBS were plated in the upper chamber (transwell) of the Matrigelcoated membrane. The lower chamber was filled with 0.75 ml of DMEM containing 10% FBS as a chemo-attractant. Transwells were then incubated for 20 h at 37°C in 5% CO 2 . After incubation, cells on the inside of transwell inserts were removed with a cotton swab and discarded. The cells on the underside of insert filters were fixed with methanol and stained with 0.05% crystal violet (Sigma). Cells were then photographed and counted in three random microscopic fields under a ϫ10 objective to calculate the number of cells that had invaded through the Matrigel matrix. The graph was plotted for the number of cells that had invaded per microscopic field.
In Vivo Assay for Tumor Growth-To see the effect of miR125a via targeting ESRRA on tumor growth, 2 ϫ 10 6 SCC084 cells were transfected separately with miR-125a mimic (200 nM), miR-125a inhibitor (800 nM), or scrambled oligonucleotides (800 nM). 24 h after transfection, cells from each transfection were suspended separately in 150 l of incomplete DMEM and then subcutaneously injected into the right flank of a female BALB/c athymic 6-week-old nude mouse. Four nude mice were used in each transfection experiment. Tumors (xenografts) of measurable size appeared 10 days after injection. Tumor growth was monitored, and its volume was measured using a digital caliper every 3 days until 30 days. Tumor volume (V) was calculated as follows: V ϭ l ϫ w 2 ϫ 0.5, where l and w represent length and width, respectively. Excised tumors were weighed at the end of 30 days. All nude mice experiments were performed following approval from the institutional animal ethics committee.
RESULTS
Identification of miR-125a as a Regulator of ESRRA-To predict the miRNAs that may target the 3ЈUTR of ESRRA and reduce its level, we employed five miRNA target prediction programs (viz. DIANA-microTv3.0, Microcosm, microRNA, TargetScan, and PicTar) and identified several miRNAs that had potential target sites in its 3ЈUTR. For example, miR-137 was predicted to target ESRRA by all five programs (Table 1) . However, we decided not to work with this miRNA as it has already been reported to target ESRRA. Next, we wanted to see how many other miRNAs are predicted to target ESRRA by 4/5 programs. The analysis identified miR-16, miR-107, miR-125a (miR-125a-5p), and miR-125b (miR-125b) as potential miRNAs targeting ESRRA (Table 1) . To validate this, we cloned these miRNAs in pcDNA3-EGFP and overexpressed in SCC084 cells. The results showed that only miR-125a reduced the level of ESRRA (Fig. 1A) . Furthermore, miR-125a down-regulated the level of ESRRA in SCC084 and SCC131 cells in a dose-dependent manner (Fig. 1B ). Of note, the level of ESRRA transcript remained unchanged in both SCC084 and SCC131 cells (Fig. 1C) , suggesting its translational repression by miR-125a. As a control, we also transfected miR-137 in SCC084 and SCC131 cells and analyzed its effect on the levels of ESRRA protein and transcript (Fig. 1, A, D, and E) . As expected, the levels of ESRRA protein and transcript were reduced in both cell lines (Fig. 1, A, D, and E) . Our bioinformatics analysis predicted two putative target sites (TSs) for the miR-125a seed sequence (SD) within the 3ЈUTR of ESRRA from 312 to 319 nucleotides (TS1) and 536 to 542 nucleotides (TS2). The ClustalW alignment showed that TS1 is highly conserved, whereas TS2 is poorly conserved across different species (Fig. 2A) .
Confirmation of Target Sites for miR-125a in the 3ЈUTR of ESRRA-To confirm whether miR-125a binds directly to the 3ЈUTR of ESRRA and to underscore the functionality of two predicted TSs, we co-transfected pmiR-125a and pmiR-REPORT-3ЈUTR-S containing the intact 3ЈUTR of ESRRA in a sense orientation or pmiR-REPORT-3ЈUTR-S and the empty vector pcDNA3-EGFP in SCC084 cells and quantitated the luciferase activity. The results showed a significantly reduced luciferase reporter activity in cells co-transfected with pmiR125a and pmiR-REPORT-3ЈUTR-S as compared with cells cotransfected with pmiR-REPORT-3ЈUTR-S and pcDNA3-EGFP (Fig. 2B) . Furthermore, when we co-transfected pmiR-125a and pmiR-REPORT-3ЈUTR-AS containing a full-length 3ЈUTR of ESRRA in an antisense orientation and thus lacking the miR-125a TSs in cells, there was no significant reduction in the luciferase reporter activity as compared with cells co-transfected with pmiR-REPORT-3ЈUTR-S and pcDNA3-EGFP (Fig. 2B) , confirming that miR-125a binds to the 3ЈUTR of ESRRA.
To determine whether both or only one of the TSs in the 3ЈUTR of ESRRA is required for the binding of miR-125a, we mutated each of the two TSs by site-directed mutagenesis. We then co-transfected the pmiR-REPORT-3ЈUTR-M1F construct containing the mutated TS1 and the wild-type TS2, pmiR-REPORT-3ЈUTR-M2F construct containing the wild-type TS1 and the mutated TS2 or pmiR-REPOR-3ЈUTR-MF construct containing both the mutated TSs separately in SCC084 cells with pmiR-125a and quantitated the luciferase activity. The results showed that the luciferase activity was significantly increased in cells co-transfected with single mutants (pmiR-REPORT-3ЈUTR-M1F or pmiR-REPORT-3ЈUTR-M2F) and pmiR-125a as compared with cells co-transfected with pmiR-REPORT-3ЈUTR-S and pmiR-125a. We also observed a significant increase in the luciferase activity in cells co-transfected with pmiR-REPORT-3ЈUTR-MF and pmiR-125a in comparison with cells co-transfected with pmiR-REPORT-3ЈUTR-S and pmiR-125a (Fig. 2B) . Furthermore, the luciferase activity was significantly higher in cells co-transfected with the double mutant construct pmiR-REPORT-3ЈUTR-MF and pmiR-125a in comparison with cells co-transfected with either of the two single mutant constructs (pmiR-REPORT-3ЈUTR-M1F or pmiR-REPORT-3ЈUTR-M2F) and pmiR-125a (Fig. 2B) . These observations clearly indicated that miR-125a regulates ESRRA expression by interacting with both of its TSs in a site-specific manner. As expected, co-transfection of pmiR-REPORT-3ЈUTR-S and pmiR-137 in SCC084 cells showed a significant down-regulation of luciferase activity in comparison with cells MicroRNA-125a regulates ESRRA NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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co-transfected with pmiR-REPORT-3ЈUTR-S and pcDNA3-EGFP (Fig. 2B) (Fig. 3) . However, of 4/15 OSCC samples (viz. patient numbers 110, 135, 174, and 191) showed an up-regulated level of ESRRA; two samples, patient numbers 174 and 191, showed an up-regulation of miR-125a, and two other samples, patient numbers 110 and 135, had no difference in the expression of miR-125a between normal oral tissues and OSCC samples (Fig.  3) . Taken together, these results suggest that miR-125a-mediated post-transcriptional targeting of ESRRA is a novel mechanism for its up-regulation in OSCC.
miR-125a
Regulates Cell Proliferation and Apoptosis by Targeting ESRRA-As stated above, ESRRA is known to positively regulate cancer cell proliferation. Therefore, we wanted to test whether overexpression or reduced expression of miR-125a in OSCC cells has a functional relevance in cell growth and proliferation as a consequence of reduced or increased levels of ESRRA, respectively. To this end, we transfected both SCC084 and SCC131 cells with synthetic miR-125a mimic and miR125a inhibitor separately and quantitated the rate of cell proliferation (absorbance at 450 nm) by the BrdU assay. The levels of miR-125a and ESRRA were assessed by qRT-PCR and Western blotting, respectively (Fig. 4A) . As expected, cells transfected with miR-125a mimic showed a reduced level of ESRRA as compared with cells transfected with mock (scrambled oligonucleotides), and the cells transfected with miR-125a inhibitor showed an increased level of ESRRA as compared with mock (Fig. 4A) . Furthermore, the BrdU assay showed that the ectopic overexpression of miR-125a via an miR-125a mimic significantly reduced the rate of cell proliferation, whereas the miR125a inhibitor significantly increased the rate of cell proliferation as compared with mock-transfected SCC084 and SCC131 cells (Fig. 4B) .
To determine the changes in cell cycle phases due to altered levels of ESRRA as a result of overexpression or reduced expression of miR-125a, we stained miR-125a mimic and miR-125a inhibitor-transfected SCC084 and SCC131 cells with PI and (Fig. 4C) . To assess the type of cell death, we assessed the rate of apoptosis (% apoptotic cells) in miR-125a mimic and miR-125a inhibitor-transfected SCC084 and SCC131 cells by the caspase-3 activation assay, and the results demonstrated that the cells transfected with miR-125a mimic showed a significantly increased rate of apoptosis, whereas the cells transfected with miR-125a inhibitor showed a significantly decreased rate of apoptosis as compared with mock-transfected cells (Fig.  4D) , The above observations suggest that miR-125a negatively regulates the rate of OSCC cell proliferation in both the cell lines by increasing the rate of apoptosis via targeting ESRRA.
Function of ESRRA Is Dependent on the Presence or Absence of Its 3ЈUTR-To assess the role of ESRRA 3ЈUTR in the regulation of its expression and hence its function, the different ESRRA constructs without 3ЈUTR (pESRRA), with the wildtype 3ЈUTR in a sense orientation (pESRRA-3ЈUTR-S), with mutated 3ЈUTR in a sense orientation (pESRRA-3ЈUTR-M1, pESRRA-3ЈUTR-M2, and pESRRA-3ЈUTR-M), with the wildtype 3ЈUTR in an antisense orientation (pESRRA-3ЈUTR-AS), or the vector pcDNA3.1(ϩ) were transiently co-transfected separately with pmiR-125a in SCC084 (Fig. 5) and SCC131 (Fig.  6) cells, and the level of ESRRA was assessed by Western blotting. As a control, we also transfected the pcDNA3.1(ϩ) vector alone. As expected, the results showed a reduced level of ESRRA in cells co-transfected with pESRRA-3ЈUTR-S and pmiR-125a as compared with cells co-transfected with pESRRA and pmiR-125a (Figs. 5A and 6A) . Furthermore, the level of ESRRA was increased in cells co-transfected with pmiR-125a and pESRRA-3ЈUTR-AS or any mutant 3ЈUTR constructs as compared with cells transfected with the pcDNA3.1(ϩ) vector alone (Figs. 5A and 6A) .
As expected, the rate of cell proliferation was significantly increased in cells co-transfected with pESRRA and pmiR-125a as compared with cells transfected with pcDNA3.1(ϩ) (Figs. 5B  and 6B ). This is because the pESRRA construct lacked the 3ЈUTR, and therefore the TSs for miR-125a were not available. Furthermore, the rate of cell proliferation was significantly NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 increased in cells co-transfected with pmiR-125a and pESRRA as compared with cells co-transfected with pmiR-125a and pESRRA-3ЈUTR-S (Figs. 5B and 6B) . Moreover, the rate of cell proliferation was significantly decreased in cells co-transfected with pmiR-125a and pESRRA-3ЈUTR-S as compared with cells co-transfected with pmiR-125a and constructs with mutated 3ЈUTR (pESRRA-3ЈUTR-M1, pESRRA-3ЈUTR-M2, and pESRRA-3ЈUTR-M) or pESRRA-3ЈUTR-AS (Figs. 5B and 6B) , confirming that miR-125a regulates cell proliferation, in part, by directly targeting the 3ЈUTR of ESRRA.
MicroRNA-125a regulates ESRRA
The PI staining showed that co-transfection of pESRRA-3ЈUTR-S and pmiR-125a accumulated more cells in sub-G 1 than co-transfection of other constructs separately with pmiR125a (Figs. 5C and 6C ). The caspase-3 assay showed that the rate of apoptosis was significantly increased in cells co-transfected with pESRRA-3ЈUTR-S and pmiR-125a as compared with cells co-transfected with other constructs separately with pmiR-125a (Figs. 5D and 6D) . These experiments further reinforced that miR-125a regulates cell growth and proliferation by directly targeting ESRRA, and this function depends on the presence or absence of 3ЈUTR in ESRRA.
As mentioned above, ESRRA is known to increase cancer cell invasion. We therefore analyzed the effect of miR-125a-mediated knockdown of ESRRA on anchorage-independent growth and invasion of SCC084 and SCC131 cells. We co-transfected pmiR-125a and different ESRRA constructs without 3ЈUTR (pESRRA), with 3ЈUTR in a sense orientation (pESRRA-3ЈUTR-S), with mutated 3ЈUTR in a sense orientation (pESRRA-3ЈUTR-M1, pESRRA-3ЈUTR-M2, and pESRRA-3ЈUTR-M), with 3ЈUTR in an antisense orientation (pESRRA-3ЈUTR-AS), or the vector pcDNA3.1(ϩ) separately in OSCC cells and observed colony formation and invasion potential by soft agar and transwell migration assays, respectively. The results showed a significant decrease in the number of colonies formed in soft agar (Figs. 7A  and 8A ) and the number of invaded cells in the transwell assay (Figs. 7B and 8B) for cells co-transfected with pmiR-125a and pESRRA-3ЈUTR-S as compared with cells co-transfected with pmiR-125a and other ESRRA constructs with 3ЈUTR. These results suggested that miR-125a regulates anchorage-dependent growth and invasive ability of OSCC cells largely by targeting the 3ЈUTR of ESRRA. Overall, the above observations suggested that ESRRA has a definite role in the regulation of cell proliferation, apoptosis, anchorage-independent growth, and invasion of OSCC cells, and miR-125a is exercising its tumor suppressor role, in part, by targeting it.
5-Aza-2Јdeoxycytidine Treatment Up-regulates miR-125a-Methylation of the miR-125a promoter has been shown previously (32) . To understand the mechanism underlying the down-regulation of miR-125a, we speculated that the promoter of miR-125a is methylated in OSCC cell lines SCC084 and SCC131. To test this possibility, we first analyzed the endogenous levels of miR-125a and ESRRA in SCC084 and SCC131 cells. The results showed similar levels of miR-125a and ESRRA in both the cell lines (Fig. 9A) . We then treated SCC084 and SCC131 cells with 5-aza-2Јdeoxycytidine (AZA), a methyltransferase inhibitor, and DMSO (vehicle control). Total RNA was isolated from the cells after 3 and 5 days of the treatment, and the qRT-PCR analysis was performed to assess the level of miR-125a. The results showed a significantly increased level of miR-125a in AZA-treated cells as compared with DMSOtreated cells from both the cell lines (Fig. 9B) , suggesting that the promoter methylation is one of the mechanisms for downregulation of miR-125a in OSCC. Methylation of the MCPH1 promoter is known in OSCC (33) . Therefore, we also assessed the level of MCPH1 in AZA-treated cells as a positive control. As expected, the level of MCPH1 was significantly increased in AZA-treated cells as compared with DMSO-treated cells from both the cell lines (Fig. 9C) .
Effect of miR-125a-mediated Regulation of ESRRA on Its Transcriptional Targets-As mentioned above, ESRRA is a well known transcription factor and is known to transcriptionally regulate WNT11 and OPN. To see the effect of miR-125a-mediated regulation of ESRRA on its transcriptional targets, we transfected miR-125a mimic and miR-125a inhibitor in SCC084 and SCC131 cells and quantitated the level of WNT11 and OPN by qRT-PCR (Fig. 10 ). As expected, the level of WNT11 was significantly reduced in miR-125a mimic transfected cells as compared with mock-transfected cells (Fig. 10A) . Furthermore, the level of WNT11 was significantly increased in miR-125a inhibitor-transfected cells as compared with mocktransfected cells (Fig. 10A) . Similarly, the level of OPN was significantly reduced in miR-125a mimic-transfected cells as compared with mock-transfected cells (Fig. 10B) . Furthermore, the level of OPN was significantly increased in the miR-125a inhibitor-transfected cells as compared with mock-transfected cells (Fig. 10B) .
Restoration of miR-125a Levels by a Mimic Suppresses Tumor Growth in Vivo-Based on our in vitro studies, we hypothesized that the restoration of miR-125a levels via a synthetic miR-125a mimic and in turn reducing the level of ESRRA in OSCC cells might have an anti-tumor effect in vivo. To address this critical question, we injected equal numbers of SCC084 cells pretransfected with miR-125a mimic, miR-125a inhibitor, or mock separately into the right flanks of nude mice. The mice were observed for xenograft (tumor) growth until 30 days. As expected, nude mouse xenografts with miR-125a mimic had significantly reduced weight and volume, whereas xenografts with miR-125a inhibitor had a significant increase in both weight and volume in comparison with xenografts with mock ( Fig. 11, A-C) . Furthermore, we also assessed the level of ESRRA in xenografts by Western blotting. As expected, the level of ESRRA was reduced in xenografts with the miR-125a mimic, although its level was increased in xenografts with the miR-125a inhibitor in comparison with xenografts with mock ( Fig. 11D) , further confirming that miR-125a was responsible for the reduced tumor growth in nude mice via targeting the 3ЈUTR of ESRRA.
DISCUSSION
Using a combination of in silico, in vitro, and in vivo studies, we have shown for the first time that miR-125a post-transcriptionally regulates the level and function of ESRRA. The only other miRNA known to regulate the level of ESRRA is miR-137 in breast cancer cell lines (15) . Our results also show that miR-137 targets ESRRA in OSCC cell lines (Fig. 1) . miR-125a, located on chromosome 19q13.3, is frequently down-regulated in several human cancers such as medulloblastoma (34) and ovarian (35) , breast (36) , lung (37) , and stomach (38) cancers. It has been documented that the EGF receptor signaling suppresses the expression of miR-125a, leading to cancer metastasis in ovarian (39) and lung cancers (37) . Also, miR-125a has been shown to be the negative regulator of epithelial to mesenchymal transition in ovarian cancer (39) . Interestingly, it is also reported to be one of the frequently down-regulated miRNAs in OSCC cell lines as compared with an immortalized human oral keratinocyte cell line (40) . Furthermore, it is significantly down-regulated in saliva samples from OSCC patients as compared with normal controls (41) .
Promoter methylation has been shown to be the mechanism underlying down-regulation of miR-125a in acute myeloid leukemia (32) . Our results of the AZA-treated OSCC cells show that the promoter methylation is one of the mechanisms for down-regulation of miR-125a in OSCC (Fig. 9B) . Previous reports suggest that down-regulation of miR-125a correlates with poor prognosis of gastric cancer and hepatocellular carcinoma, indicating its clinical significance in tumor progression 38, 42) . All these lines of observations strongly suggest that miR-125a functions as a tumor suppressor miRNA in human cancers, including OSCC. Of note, miR-125a is involved in the pathogenesis of breast and gastric cancers via targeting of ERBB2 and ERBB3 (43) . It is also known to target the MMP11 (matrix metalloproteinase 11) and VEGF genes and regulates cell proliferation and metastasis of hepatocellular carcinoma (42) . However, no target has been identified for miR-125a in OSCC until now. Ours is the first study to document the involvement and role of miR-125a in the pathogenesis of OSCC. The expression analysis of miR-125a in OSCC samples showed that it is down-regulated in a majority (16/20) of OSCC patient samples as compared with their normal counterparts (Fig. 3A) .
Although up-regulation of ESRRA has been shown earlier in breast, colorectal, prostate, and ovarian cancers (4 -8) , ours is the first study to show its up-regulation in OSCC (Fig. 3B) . As expected, we also observed an inverse correlation between the levels of miR-125a and ESRRA in 11/15 OSCC patient samples (Fig. 3) , suggesting a key role for miR-125a in tumorigenesis of OSCC via targeting ESRRA. However, we did not observe any correlation in four OSCC samples (viz. patient numbers 110, 135, 174, and 191), which could be either due to tumor heterogeneity or the involvement of an alternative mechanism. Interestingly, miR-125a down-regulated ESRRA at the protein level in SCC084 and SCC131 cells but not at the mRNA level (Fig.  1C) . On the contrary, miR-125a has been shown to regulate the ERBB2, ERBB3, and VEGF genes at both the mRNA and protein levels (42, 43) . Furthermore, similar to our observation, Parisi et al. (44) and Guo et al. (36) have also shown that miR-125a does not affect the mRNA levels of its target genes DIES1 and HuR, but it affects the levels of their proteins, suggesting that the relationship between miRNAs and their target genes is complex and may vary with their targets. For example, our results show that miR-137 targets ESRRA at both the transcript and protein levels (Fig. 1, D and E) , further emphasizing the complex nature of interaction between an miRNA and its target gene. Moreover, miRNAs are known to either degrade their target mRNAs or inhibit translation (22) .
We have investigated whether the miR-125a-mediated knockdown of ESRRA is reflected on cell proliferation, apoptosis, anchorage-independent growth, and invasion of OSCC cells transiently transfected with different ESRRA constructs (Figs. [5] [6] [7] [8] . Ectopic overexpression of miR-125a via a synthetic mimic not only led to the knockdown of ESRRA but also inversed the effect of ESRRA by inhibiting cell proliferation, accelerating apoptosis, and reducing growth of nude mouse xenografts (Figs. 4 and 11) . Given the crucial role of ESRRA in the regulation of energy metabolism, it is not surprising that it can accelerate cancer cell proliferation. Until now, many reports have suggested its potential involvement in the regulation of cancer cell proliferation (11) (12) (13) (14) . Additionally, Wu et al. (45) have demonstrated that an inverse agonist of ESRRA, XCT-790, can also induce cell death in a multidrug resistance cell line HepG2 (human liver hepatocellular carcinoma cell line). Similarly, our results showed that a reduced level of ESRRA via treating the OSCC cells by the miR-125a mimic increased the rate of apoptosis (Fig. 4D) .
We further investigated the effect of miR-125a-mediated knockdown of ESRRA level on anchorage-independent cell growth, which is one of the hallmarks of malignant transformation of cells. Our results showed that miR-125a regulates the anchorage-independent growth of SCC084 and SCC131 cells largely by targeting ESRRA (Figs. 7A and 8A ). This result is in agreement with an earlier report wherein the treatment with XCT790 is shown to impede the colony number in KSR1 (Kinase Suppressor of Ras1) null mouse embryonic fibroblasts derived from 13.5-day-old embryos (46). We also investigated the effect of a reduced level of ESRRA on cell invasion. The results showed that miR-125a regulates the invasive ability of SCC084 and SCC131 cells largely by targeting ESRRA (Figs. 7B and 8B ). This finding is in agreement with an earlier report where ESRRA has been shown to promote cell migration and invasion of breast cancer cells (15) . It has been recently shown that RNAi-mediated inhibition of ESRRA results in a significantly reduced tumor burden, ascites formation, and metastatic peritoneal implants in vivo in an orthotopic model of ovarian cancer (47) . Furthermore, Lam et al. (47) have shown that targeted inhibition of ESRRA inhibits the expression of SNAI1 (Snail family zinc finger 1) and in turn attenuates epithelial to mesenchymal transition in ovarian cancer cells. The mechanisms underlying these effects can be attributed to the ESRRA-driven regulation of several genes involved in cancer progression and development such as WNT11, CCNE1, OPN, and OPG, which are the crucial genes involved in increasing the proliferative and migratory capacity of cells (17, 48, 49) .
Furthermore, OPN is a well known gene involved in the regulation of proliferation, migration, and invasion of OSCC cells (49) . Our results showed that miR-125a-mediated targeting of ESRRA indeed regulates the levels of WNT11 and OPN (Fig. 10) , which in turn regulate OSCC cell proliferation and invasion. Collectively, our findings highlight a key role that miR-125a plays in OSCC tumorigenesis by targeting ESRRA. However, it is well known that a particular miRNA may target several genes, and similarly a given gene may be targeted by several miRNAs (36) . Therefore, miR-125a is exerting its tumor suppressor function, in part, by targeting ESRRA.
Studies on miRNAs showing loss of function (e.g. let-7 and miR-34) in a broad range of tumors suggest that they play a crucial role in tumor suppression (28) . Therefore, a replacement therapy of these miRNAs would provide a new therapeutic strategy. The most accepted way to re-express an miRNA is via introducing a synthetic miRNA mimic, which can mimic the function of miRNA and is highly stable due to modifications (viz. 2Ј-O-methoxyethyl and 2Ј-fluoro) in it. Furthermore, the mimic-based replacement therapy is unlikely to show nonspecific off-target effects as mimics are designed to behave similarly to their natural counterparts (50) . Being accessible from outside, miRNA mimics could be easily and directly injected at the OSCC tumor sites. Thus, our preclinical study in nude mice could provide a platform for designing a therapeutic strategy for the treatment of OSCC via the use of an miR-125a mimic.
In summary, the results of this study show for the first time that ESRRA is a target of tumor suppressor miR-125a, which post-transcriptionally regulates its expression. Based on our in vivo study, we suggest that the restoration of the tumor suppressor role of miR-125a via a synthetic mimic puts a promise to the use of this mimic in cancer therapeutics.
